ABSTRACT: Appropriate mechanical load is essential for tendon homeostasis and optimal tissue function. Due to technical challenges in achieving physiological mechanical loads in experimental tendon model systems, the research community still lacks wellcharacterized models of tissue homeostasis and physiological relevance. Toward this urgent goal, we present and characterize a novel ex vivo murine tail tendon explant model. Mouse tail tendon fascicles were extracted and cultured for 6 days in a load-deprived environment or in a custom-designed bioreactor applying low magnitude mechanical load (intermittent cycles to 1% strain, at 1 Hz) in serum-free tissue culture. Cells remained viable, as did collagen structure and mechanical properties in all tested conditions. Cell morphology in mechanically loaded tendon explants approximated native tendon, whereas load-deprived tendons lost their native cell morphology. These losses were reflected in altered gene expression, with mechanical loading tending to maintain tendon specific and matrix remodeling genes phenotypic of native tissue. We conclude from this study that ex vivo load deprivation of murine tendon in minimal culture medium results in a degenerative-like phenotype. We further conclude that onset of tissue degeneration can be suppressed by low-magnitude mechanical loading. Thus a minimal explant culture model featuring serum-free medium with low mechanical loads seems to provide a useful foundation for further investigations. ß
Tendon disorders represent a substantial socioeconomic burden that accounts for approximately 30% of all musculoskeletal medical consultations. 1 Despite this negative socioeconomic impact, the roots of chronic tendon pathology are largely unknown and clinically unmet. Efforts to elucidate disease mechanisms have been hindered by a lack of valid experimental models, a limitation that is at least partly attributable to large challenges in maintaining in vitro tissue homeostasis after explanting. Tendon tissue equilibrium very heavily depends on appropriate mechanical loading within a narrow, and still poorly defined, physiological range. 2 Reflecting its function, healthy tendon is composed of parallel-aligned collagen fibres. 3 These fibres envelop a network of tendon cells with a similarly elongated morphology that also aligns to tissue load direction. In contrast, tendinopathy (e.g., degenerative tendon disease) is histologically characterized by abnormal collagen fibre composition, structure and arrangement, with increased glycosaminoglycan content, elevated vascularity, hypercellularity, and nuclear rounding of tendon cells. 4, 5 Aberrant mechanical loading of tendon cells in their matrix is thought to be a major factor in the onset and progression of degenerative processes. 6 However, the tendon cell-matrix interactions that drive tissue homeostasis, matrix remodeling and eventual tissue degeneration remain poorly understood. 2 Unraveling these mechanically regulated signaling pathways is essential for the development of effective treatment strategies, yet progress is hindered by the lack of well controlled, physiologically relevant experimental models to complement less controllable studies in humans.
Numerous previous studies have investigated and reported that physiological mechanical loading of tissue is essential in maintenance of healthy tendon cell morphology and expression of tendon markers, whereas load deprivation has been linked to the initiation of tendon degeneration. [7] [8] [9] Efforts to erect valid experimental models of loading/unloading have included rabbit models, 9 rat tail tendon models, 10 ovine models, 11 and tissue engineered tendon models. 12 Each of these approaches offers relative advantages and disadvantages for investigations in various physiological contexts. We have focused our own efforts on developing a murine tail tendon explant model, which offers large potential in the context of genetic study, 13 the study of matrix tendon structurefunction, 14, 15 and for the basic study of tendon mechanobiology. 12, 16, 17 In the present work, we describe the extension of the mouse tail tendon model into a platform designed for precise study of mechanical stimuli, tendon tissue homeostasis, metabolic activity, and underlying cell-matrix interactions. We provide a baseline characterization of this system, with focus on defining conditions that maintain tissue homeostasis even in prolonged tissue explant culture.
METHODS Ex Vivo Tendon Explant Model System
Animal experiments were ethically approved by the Canton of Zurich (licence number ZH265/4, Kantonales Veterin€ aramt Z€ urich). In total 16 wild-type C57BL6/J mice (male/female) were used and allocated to the following assays: four mice for mechanical testing, three mice for imaging, four mice for metabolic assays, and five mice for quantitative gene expression. Multiple tendon fascicles were freshly extracted from tails of euthanized 11-12-week-old animals and randomly assigned to one of the following groups in a non-biased fashion, with each fascicle considered as an independent sample (n ¼ 1, unless otherwise stated): untreated control (UC), load-deprived free-floating (FF), and mechanically loaded (ML). Untreated control (UC) fascicles were immediately analyzed directly after extraction from the tail at day 0 without any further processing. Tendon fascicles of both the treatment groups (FF, ML) were cultured for 6 days at 37˚C in 5% CO 2 in serum-free medium (DMEM/F12 with 1% Penicillin/Streptomycin, 1% N2 supplement containing transferrin, insulin progesterone, putrescin, and selenite, Gibco). Individual fascicles of the free-floating (FF) group were left completely load-deprived in a petri dish, while mechanically loaded (ML) fascicles were cultured in a custom-made bioreactor. The bioreactor is composed of a stepper motor mounted to a polyetherimide culture chamber through a single axis that connects to a clamping-sledge with eight clamping positions (Fig. 1A and B) . The explanted fascicles were fixed between surgical grade steel clamps at 20 mm distance using a mounting jig (Supplementary Material, Fig. S1 ) and placed inside individual silicon rubber chambers filled with serum-free medium. Samples were pre-tensioned manually in the bioreactor until visual crimp disappearance, using thumb wheels. Crimp disappearance represents the functional end of the non-linear toe region of the material test curve and marks the beginning of the linear elastic region. 18 In our experiments, the length of the shortest specimen was measured at crimp disappearance and was taken as the gage length of all specimens (maximal single specimen gage length/strain uncertainty within any given experiment was less than 10%). Mechanically loaded (ML) fascicles were subjected to strain-controlled, intermittent uniaxial cyclic stretch for 6 days (each day, 100 cycles to 1% nominal strain, strain on individual fascicles ranging from 0.94 to 1%, depending on the "crimp disappearance" length; cycles at 1 Hz, homogeneously distributed over 8 h followed by 16 h rest at preload; protocol adapted from Butler et al. 19 ) (Fig. 1C) . Applied strain magnitude was based on screening studies to identify the minimal strain at which nuclear morphology remained stable during 600 cycles, that is, at lower strain magnitudes nuclear rounding was observed.
Mechanical Testing
For comparison of mechanical properties, force-displacement curves were obtained using a custom-built uniaxial test device (Supplementary Material, Fig. S2 ) equipped with a 10 N load cell (KD 24s, Lorenz Messtechnik GmbH, Alfdorf Germany). ML fascicles were measured before (representing the UC group) and after the 6-day culture period, while FF fascicles were measured only after the treatment. Each fascicle (n ¼ 12 per group) was preloaded individually on the uniaxial test device to 0.015 N and preconditioned with six cycles up to 1% strain, reapplying the preload after every cycle. The tangential elastic modulus was measured in the linear part (0.5-1% strain) of the stress-strain curve of the last preconditioning cycle ( Fig. 2A) . The nominal stress was calculated based on the initial cross-sectional area measured with a 20Â magnification (EVOS XL, Thermo Fisher Scientific, Waltham, MA) before the treatment and assuming a round specimen shape. Since mechanical testing was performed only until 1% strain, and preload of 0.015 N was matching the point where fibre crimp was removed, loading Figure 1 . Technical sketch of the custom designed ex vivo mouse tendon explant bioreactor for cyclic loading of eight tendon samples (A). The clamping sledge is mounted via a magnetic coupling to a stepper motor that applies mechanical load to all the samples simultaneously. The initial length of each tendon explant is set manually at crimp disappearance by thumb-wheels. The silicon rubber chambers are filled with cell culture medium (B) and the clamps are screwed to the clamping sledges. Specimens are not visible due to small crosssectional area but indicated with arrows. A scheme of the applied cyclic strain-controlled loading protocol is depicted in (C). A total of 100 cycles were applied each day at 1 Hz, followed by a rest phase of 16 h.
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WUNDERLI ET AL. during the mechanical testing was equivalent to load applied during culturing of the "ML" fascicles in the bioreactor.
Imaging
Fluorescent staining of nuclei (DAPI, Sigma Aldrich) and filamentous actin (Alexa Fluor 488 Phalloidin, Invitrogen) was performed on 4% formaldehyde fixed fascicles (n ¼ 3). Fascicles were imaged using a multiphoton microscope (Olympus Fluoview 1000, Tokyo, Japan) equipped with a 25Â water immersion objective (Olympus, water-immersion, NA 1.05) with the second harmonic signal to visualize the collagen matrix. Image stacks of two regions of interest (670 Â 250 mm) were captured per tendon fascicle. Subsequently, shape and orientation of nuclei were assessed after thresholding of the z-projections of image sub-stacks by using automatic image processing software. 20 
ATP Assay
Metabolic activity of all groups was evaluated by means of an ATP detection assay based on the quantification of a luminescent signal (CellTiter Glo 3D, Promega). All samples were analyzed in a paired fashion by cutting the fascicles in equally sized halves and measuring ATP concentration before (UC) and after (FF or ML) the experimental protocol (n ¼ 7).
Quantitative PCR
For gene expression analysis, 12-16 fascicles were pooled, snap frozen in liquid nitrogen and pulverized in Trizol (Invitrogen) in a cryogenic impact grinder (FreezerMill, SPEX TM SamplePrep, Metuchen, NJ). RNA was extracted by using the RNeasy micro Kit (Qiagen) and quantitative PCR was performed in duplicates using TaqMan technology (Applied Biosystems, normalized to Annexin 5 and "UC," n ¼ 5).
Statistics
For metabolic and mechanical measurements each fascicle was treated as an independent sample, after verifying that inter-fascicle variability was markedly higher than interanimal variability. ATP concentration results of each sample were normalized to the paired untreated control and analyzed by Mann-Whitney U tests. Student's t-tests were performed on relative gene expression values (2 ÀDCt ) of the real time PCR data and one-way ANOVA followed by Tukey's multiple comparisons were used on mechanical properties data. p-values below 0.05 were considered to indicate statistical significance. Results are displayed as means with standard deviation of means, unless otherwise stated. All statistical analyses were performed in "R." 21 
RESULTS
We successfully developed an explant model system for long term ex vivo culture of murine tail tendon fascicles under controllable uniaxial strains and individual fascicle level control of culture environment. A custom-designed bioreactor was used to apply cyclic loading to explants over a prolonged period of time and subsequently analyze the impact of stretching on different aspects of tendon physiology. Off-line evaluation of mechanical properties on a separate custom testing device showed a slight but not significant (p ¼ 0.778) increase in elastic moduli of both treated groups (Fig. 2C) , also did not show significant differences between groups. In accordance with the preservation of the mechanical properties, the tissue collagen matrix did not display any notable morphological differences between groups (Fig. 3A) . Strikingly however, phalloidin staining revealed disarranged actin cytoskeletons of cells in stress-deprived fascicles (FF) compared with the UC and the ML fascicles (Fig. 3B) . This cytoskeletal disorganization was concomitant with nuclear rounding and a random orientation of the nuclear long axes (Fig. 3C) . Nuclear rounding was quantified by assessing the aspect ratio, which was dramatically decreased for the FF fascicles (1. (Fig. 3D) . Applied mechanical loading thus preserved native cytoskeletal actin and nuclear organization when compared to load-deprived fascicles.
MINIMAL MECHANICAL LOAD AND TENDON CULTURE CONDITIONS
We further analyzed the ATP activity of the different tissues to test whether morphological changes affected the metabolic activity of the cells. Both experimentally treated groups (FF, ML) showed a marked increase in metabolic activity compared to the UC group as measured by an ATP activity assay (Fig. 4) . Mean ATP concentrations relative to the control group were 217% (s ¼ 63%) in the FF and 356% (s ¼ 163%) in the ML group and not significantly different between the treatment groups (p-value ¼ 0.097).
Gene expression levels of tendon-specific and matrix remodeling factors reflected the observed morphological differences between groups. Mechanical loading rescued gene expression levels of tenomodulin, connective tissue growth factor, matrix metalloproteinase 3 and 9 toward native levels, in contrast to the load-deprived fascicles (Fig. 5) . Expression of collagen type I and MMP 13 was not significantly different between treated groups, but consistent with the trend of "mechanical rescue." In turn, scleraxis showed a significant twofold up-regulation in response to mechanical loading compared to the FF and UC groups. Tissue inhibitor of matrix metalloproteinase 2 and fibronectin I did not show a clear trend between groups.
DISCUSSION
Tendon cells sense mechanical forces and accordingly adapt their phenotype, gene expression and protein synthesis to these loads. 2 Much work has been done using in vitro cell models to better understand the mechanotransductive pathways within tendon, although neglecting the 3D environment and the essential contribution of the complex physiological matrix with all its constituents. [22] [23] [24] In the present work, we developed and employed a novel ex vivo murine tail tendon fascicle model to identify tissue explant culture conditions that maintain cell and tissue homeostasis. Although the extent of relevance to human load bearing tendon is debated, rodent tail tendon fascicles share many central features with human tendons in terms of extracellular matrix composition and structure, 25 as well as homologous biological pathways. Very importantly, they can be reliably extracted for further investigation without mechanical damage of collagen fibres that provoke matrix remodeling and cell death 17 -responses that are far from homeostatic. Furthermore, tail fascicles possess a uniform structure with parallel collagen fibres maintained by interconnected and elongated cells along fibres, with correspondingly well-defined axial load application. Given the extremely high aspect ratio of this tissue (length/diameter ratio well over 100), far field stress application can be applied in a manner that mechanically loads the tissue while minimizing clamping artefacts. 26 Moreover, whole tissue (live and fixed) in situ imaging is facilitated by the small diameter of the mouse tendon fascicle. With regard to the high yield of fascicles from one tail (approximately 40-50 samples) employment of this model contributes to more ethical use of research animals (3R-principle: Reduction, refinement, replacement). 27 Availability of a wide range of mouse models and molecular tools for the mouse further speaks in favour of using the model. In these aspects the murine tail tendon represents a superb scientific research subject for basic investigations of tendon mechanobiology that should be complemented and confirmed in studies on humans and human tissues.
Using minimal mechanical loading and serum-free tissue culture conditions, we demonstrate that tail tendon cell phenotype and morphology are maintained. In contrast, load-deprivation down-regulated gene expression levels of tendon markers and up-regulated matrix remodeling markers, effects that correlated with disturbance of the actin cytoskeleton and nuclear alignment, all of which is consistent with the phenotype of tendinopathic tissue. 5, 28 In accordance with previous studies 8, 10, 29 our results support the premise that local mechanical under-loading may initiate pathways involved in catabolic tissue turnover and/or the development of tendinopathy. 6 Although in previous ex vivo cultures strain magnitudes between 3 and 6% have been reported to maintain tendon homeostasis and integrity, 9, 29, 30 our study indicates that a strain magnitude of 1% was sufficient to maintain tissue homeostasis in mouse fascicles. This discrepancy Figure 5 . Mechanical loading rescues the detrimental effect of stress-deprivation. Quantitative gene expression of collagen I (Col1a1), tenomodulin (Tnmd), scleraxis (Scx), matrix metalloproteinase 3-14 (MMP), tissue inhibitor of MMP 2 (Timp 2), fibronectin 1 (Fn 1), and connective tissue growth factor (Ctgf) in the LL (pink) and the FF (red) group. Mechanical load tendentially regulates the genes to preserve the native phenotype.
Ã Indicates a p-value <0.05, ÃÃÃ indicates a p-value >0.001.
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between models may be attributed to the hierarchical structure of tendon, whereby the transfer of externally applied tissue strains to embedded cells depend on the kinematic movements of fascicles and groups of fascicles in the tissue. 31, 32 From a cellular perspective, the tail tendon fascicle can be considered as the basic functional unit of the tissue, with relatively consistent mechanical properties and correspondingly consistent cell-level strains defining the cellular niche. 31, 33 These characteristics support the use of the tail fascicle as a well-suited structure for investigation of isolated cell-matrix interaction. 14, 34, 35 Our study confirms that 1% strain was sufficient to at least partly inhibit catabolic pathway activation supporting previous investigation using a rat model. 30, 36 Still one important difference to these earlier studies is a markedly lower matrix protease gene expression (MMP 13) in free-floating fascicles. We speculate that this divergence between the two models may be related to the presence of serum in the culture conditions, highlighting serum as a potentially critical factor in loss of tissue homeostasis. Additional work is required to decouple these aspects.
It must also be noted that efforts to mimic in vivo loads are hindered by the fact that in vivo loading conditions of murine tail tendon are as of yet undetermined. Perhaps reflecting this limitation, our data indicated elevated intracellular ATP concentration in both treated groups, which could reflect altered metabolic activity related to non-physiologic mechanical stimulus. 37 The increase in ATP found in the mechanically loaded group may imply the need to address culture conditions and clamping effect; qualitatively, mechanical testing, and fluorescent imaging indicate minimal gripping effect. However, such end effects are likely to be present in our model tissue 26 and damage at the clamping site may provoke the tissue out of metabolic quiescence, which should be more thoroughly investigated in further studies. Alternatively, the observed elevation in ATP may indicate a need to reassess and adapt the loading protocol towards even more minimal loading in terms of cycle number and/or frequency. In any case, the low ATP level of freshly extracted control samples compared to the treated groups indicates a relative quiescence of the cells in vivo. The low metabolic activity of healthy tendon cells has been reported previously, 38 while environmental changes, such as mechanical load, trigger an increase in ATP levels. 39 Focused work on mechanical regulation of tissue metabolic homeostasis is ongoing, as is the assessment of clamping effects and biological response to localized tissue damage. In the load-deprived group, the relatively large increase in ATP concentration was accompanied by a severe disruption of cellular morphology, cell-cell contacts and changes in MMP gene expression. These changes may partially suggest a shift from a fibroblastic to a proto-myofibroblastic phenotype. 40 While previous investigations have shown tissue contraction in load deprived and serum-supplemented culture medium, 41, 42 the present study showed no tissue contraction in serum free medium (Supplementary Material, Fig. S3 ). This is likely due to culture conditions free of exogenous cytokines, such as TGF-b, which is known to regulate myofibroblast differentiation. 43 Furthermore, growth factors contained in serum-supplemented medium cause cells to proliferate, 44 differentiate, 45 produce extracellular matrix, 46 and at the same time weakening the mechanical properties of the tissue, 47 all features indicative for a healing, non-homeostatic tissue. In this sense, the present work suggests that minimal tissue culture conditions advantageously mimic the healthy in vivo environment and that they could be useful in future studies on the role of extrinsic factors in pathways that lead to tissue contraction and remodeling.
Even in serum-free medium, load-deprivation induced signaling related to matrix proteolysis, with increased expression of different MMPs. Mechanical loading suppressed this signaling consistent with previous studies on fascicles cultured in serum. 8, 30, 48 Tendon marker expression was similarly rescued by mechanical load. Nevertheless, gene expression and morphological changes due to load-deprivation did not affect collagen morphology and mechanical properties. The apparent discrepancy between gene expression changes (e.g., tendon marker loss and increase in catabolic matrix remodeling genes) and maintenance of mechanical integrity also likely reflects the absence of exogenous growth factors (e.g., serum), inflammatory cytokines (e.g., IL-1b) or adequately long culture times to allow translation, expression, activation, and effect of matrix proteases. 49, 50 Besides the relative homeostatic effects of applied minimal mechanical load, scleraxis gene expression increased approximately two-fold, a possible consequence of its mechanosensitive nature, 51, 52 and perhaps indicating that the applied load exceeded physiological levels. The exact function of scleraxis in the adaptation of mature tendon to mechanical load remains unknown, but it is reasonable to speculate that scleraxis had a downstream effect on the observed increased gene expression of collagen type I and tenomodulin in mechanically loaded compared to loaddeprived samples. 53, 54 In conclusion, we have established the baseline behavior of a novel murine tail tendon explant model in conditions optimized to maintain tissue homeostasis. Tissue homeostasis was benchmarked against gene expression and cell-matrix properties of freshly extracted tissue, as well as tissue acutely released from mechanical tension. We employed both minimal tissue-culture medium and minimal mechanical loading to create conditions that maintain tendon explants in relative homeostasis. To our knowledge this is the first study to report on successful handling and characterization of mouse tendon in bioreactor culture. Although clamping may have affected tissue homeostasis in mechanically loaded fascicles, we demonstrate that these conditions are still sufficient to maintain murine tendon marker expression, and cellular and nuclear morphologies in the range of intact tissues without altering the mechanical properties. Furthermore, the presented data provide strong evidence that mechanical loading protects the tissue from the acquisition of features associated with tendon degeneration, such as up-regulation of matrix remodeling factors and change in cellular morphology. Because tendon biology cannot be adequately investigated in the absence of in situ matrix cues, including mechanical stimulus, we expect the model will bridge a critical gap in the study of tendon mechanobiology, tendinopathy, and the screening of therapeutics. As such, this murine model represents a potentially powerful tool to study the response of tendon cells in their native extracellular matrix under physiological and pathological conditions.
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